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INTRODUCI'ION
The removal of acid components, such as H2S, CO2 and COS, from natural and industrial gases is a frequently encountered operation in process industry. A common method used is the chemical absorption in a basic alkanolamine solution. Industrially important alkanolamines for this operation are the secondary amines, diethanolamine (DEA) and diisopropanolamine (DIPA), and the tertiary alkanolamine Nmethyldiethanolamine (MDEA).
Generally, aqueous solutions of these alkanolamines are applied; however, combined solvents like water and sulfolane in the Shell Sulfinol process are also used (Kohl and Riesenfeld, 1979) .
Much research has been focussed on selective absorption of H2S (being the main sulfur compound) from gas streams in which both CO2 and H2S are present. Blauwhoff et al. (1985) showed that selective absorption of H,S reduces the costs of the treating process considerably. Selective absorption of H,S is, among others, achieved by reducing the reaction rate of CO*. Generally, this reaction rate is much lower for tertiary amines than for primary and secondary amines, which explains the increasing popularity of tertiary amines for selective absorption. Also processes based on sterically hindered (secondary) amines, like the Exxon Flexsorb process, seem applicable for this purpose (Sartori et aZ., 1987) . Primary and secondary alkanolamines, however, remain very suitable for the bulk removal of CO2 from industrial gas streams. Also aqueous blends of primary or secondary amines with tertiary amines promise to be very attractive for bulk CO2 removal as these blends combine the higher reaction rates between CO2 and primary or secondary amines with the easier regeneration of tertiary amines (Chakravarty et al., 1985) .
In order to establish the performance of treating processes, thorough knowledge is required on mechanism and kinetics of the reaction between CO2 and alkanolamines. This reaction has been subject to many studies. For the reaction of CO2 with primary and secondary alkanolamines the zwitterion mechanism proposed by Caplow (1968) is generally accepted. This mechanism comprises two steps: formation of the CO,-amine zwitterion, followed by base-catalyzed deprotonation of this zwitterion. The reaction of CO2 with tertiary amines differs essentially from that with primary and secondary alkanolamines. For tertiary amines, the reaction with CO2 can be described by the base-catalyzed hydratation mechanism proposed by Donaldson and Nguyen (1980) . Versteeg and van Swaaij (1988a) suggested a correlation between the rate constant for the zwitterion formation and the basicity of the alkanolamine for a variety of primary and secondary alkanolamines. For the reaction between CO2 and tertiary amines a correlation between the forward reaction rate constant and the basicity of the amine has been reported also (Littel et al., 1990b) . In part I of the present work, the zwitterion deprotonation step of the reaction between CO2 and the secondary amines DEA and DIPA has been studied at 298 K in solutions comprising DEA or DIPA, water, and a tertiary alkanolamine. For both DEA and DIPA the overall reaction rate is substantially limited by the deprotonation of the zwitterion. By varying concentration and type of the tertiary alkanolamine the rate of this deprotonation step can be influenced significantly. The tertiary amines applied were triethanolamine (TEA), MDEA, dimethylmonoethanolamine (DMMEA) and diethylmonoethanolamine (DEMEA). It was attempted to derive a similar 2027 R. J. bl-l-EL et al.
correlation between the contribution of a base to the zwitterion deprotonation rate and the basic&y of the deprotonating agent as the relation suggested by Versteeg and van Swaaij (1988a) for the zwitterion formation.
In Part II of the present work (Littel et al., 1992) attention will be focussed on the temperature influence on zwitterion formation and deprotonation rates for the reaction between CO2 and primary and secondary amines in aqueous solutions. Apart from the contribution of the tertiary amine to the deprotonation of the zwitterion, carbon dioxide can also react directly with the tertiary amine. The reaction between CO2 and tertiary amines can be described as a base-catalyzed hydratation of CO2 ( If, however, the deprotonation of the zwitterion is rate determining, the description of the absorption process is much more complicated as all bases present in solution contribute to this zwitterion deprotonation. As a result, the overall reaction rate between CO2 and the primary or secondary amine in an aqueous blend of amines is inherently different from that in an aqueous solution of just the primary or secondary amine. Examples of this class of systems are aqueous blends of DEA-MDEA, and DIPA-MDEA (Glasscock et al., 1991; Versteeg et al., 1990). Also DEA promoted carbonate solutions exhibit this behavior (Tseng et al., 1988) . In order to calculate absorption rates for the latter class of systems, it is necessary to determine the zwitterion deprotonation rate with respect to the various bases which are present in solution. Naturally, it would be very convenient if this zwitterion deprotonation rate could be related to the basicity of the base. Therefore, aqueous blends of DEA-R,N and DIPA-R,N were studied systematically in the present work.
REACTION MECHANISM

EXPERIMENTAL
The kinetic experiments were carried out in a stirred cell reactor with a smooth horizontal gas-liquid interface. The operation was batchwise with respect to both gas and liquid phases. The experimental setup used (see Fig. 1 
) was essentially identical to that of Blauwhoff et al. (1984) and Versteeg and van Swaaij (1988a). A detailed description of the experimental procedure is given by Blauwhoff et al. (1984).
Concentrations of the alkanolamines were chosen carefully in order to determine accurate zwitterion deprotonation rate constants and to avoid a large contribution of the direct reaction between CO2 and the tertiary amine to the overall reaction rate. In practice, this implies that the concentration ratio of tertiary and secondary amines may not be too high, as in that case the direct reaction between CO2 and tertiary amine would be dominant, and may also not be too low, as in that case the contribution of tertiary amine to the zwitterion deprotonation rate would be negligible.
During the experiment, the pressure decrease of pure carbon dioxide is recorded as a function of time. Based on mass balances for both gas and liquid phase, the following expression for the carbon dioxide flux can be derived:
The enhancement factor E is equal to Ha if pseudofirst-order conditions are fulfilled, i.e. the reaction between CO1 and OHwas negligible for all present kinetic experiments. A typical concentration profile at the end of the contact time is presented in Fig. 2 for a DIPA-MDEA blend. The validity of assuming pseudo-first-order conditions is illustrated by the flatness of curves 2 and 3 in Fig. 2 .
The overall pseudo-first-order reaction rate constant, which is obtained from the kinetic experiments,) consists of the contributions of the two pseudo-firstorder parallel reactions between CO, and the secondary and tertiary amine. Hence, the apparent pseudofirst-order reaction rate constant with respect to the secondary amine can be calculated from eq. (14): k ov = kapp.RzNH + kz.u,NbNl.
The k2,RsN was obtained from the work of Littel et al. (1990b) . The apparent reaction rate constant k app,R2NH, which fOllOWS from eq. (14), iS a fUnCtiOn Of all bases present in solution as expressed by eq. (4). Fitting of the experimentally obtained reaction rate constants k.pp,RZNH to expression (4) by means of a Levenberg-Marquardt fitting procedure yielded the zwitterion deprotonation rate constants with respect to the various bases present in solution. In fitting the present data to expression (4), also the kinetic data for DIPA and DEA reported by Versteeg and van Swaaij (1988a) and Versteeg and Oyevaar (1989) were taken into account.
The deduction of zwitterion deprotonation rate constants from kinetic experiments in aqueous solutions of alkanolamines turns out to be not that straightforward.
The concentrations of the components which take part in the zwitterion deprotonation cannot be varied independently and the variation in concentrations is rather limited as a result of experimental limitations. Consequently, the fitted deprotonation iate constants are not entirely independent of each other and tend to be rather sensitive to small variations in experimental data, although it should be noted that this sensitivity of individually fitted rate constants did not have a significant effect on the accuracy of k npp predictions. In the present work on aqueous blends of amines, two approaches were used to maximize the accuracy of individual fitted rate constants: applying variations in amine concentrations as widely as possible within the experimental constraints and including experimental data for aqueous solutions of DEA or DIPA alone in fitting the experiments to expression (4).
Since CO2 reacts with the alkanolamine it is in general not possible to determine its solubility and diffusivity directly. In view of the similarities with regard to configuration, molecular volume and electronic structure, N1O is often used as a nonreacting gas to estimate the physical properties of COz. In the present study, the solubility of CO, was determined by means of this C02-NzO analogy (Laddha et al., 1981). The diffusivity of CO2 was estimated using the modified Stokes-Einstein relationship reported by Versteeg and van Swaaij (1988b) for aqueous amine solutions. Viscosity and N20-solubility of the aque- ous amine mixtures used in the present work are reported by Littel et al. (1991b) .
For all kinetic experiments CO2 pressures and amine loadings were typically O.Ol-U.10 bar and 0.3-2.0%, respectively.
Secondary and tertiary amine concentrations were determined by means of the titration method described by Siggia et al. (1950) .
DEA, MDEA and TEA were obtained from Janssen Chimica; DMMEA and DEMEA were obtained from Merck, DIPA was obtained from Riedel-de Ha&. All alkanolamines were pure analytical quality and used as received.
KINETIC RESULTS
Mixtures of DIPA and tertiary amines
In the present work the kinetics of DIPA with CO2 has been studied in aqueous amine blends of DIPA-TEA, DIPA-MDEA, DIPA-DMMEA, and DIPA-DEMEA at 298 K. The results of these kinetic experiments, which were interpreted according to eq. (14), are reported in Tables 14. In Table 1 also some additional data for aqueous DIPA solutions are presented, which were obtained at relatively low DIPA concentrations. Fitting of these data together with the data published by Versteeg and van Swaaij (1988a) to the zwitterion rate expression yields the reaction rate constants reported in Table 9 . The present rate constants presented for aqueous DIPA solutions agree well with those reported by Versteeg and van Swaaij (1988a) . Only the fitted value for kHzO, which is largely determined by kinetic data obtained at low amine concentrations, is somewhat lower.
Comparison of the present kinetic results for DIPA in aqueous amine blends with the kinetic results reported for DIPA in aqueous solutions shows that the presence of an additional base results in a significant increase in krpp. For a blend of 200 mol rn-' DIPA and 2000 mol me3 of the rather weak base TEA, this In Table 9 , zwitterion formation and deprotonation rate constants are presented which were obtained by fitting the kinetic results reported in Tabes 14 to the reaction rate expression (4). The zwitterion formation rate constants (k2) show a relatively large variation as a result of the fact that the deprotonation of the zwitterion is almost entirely rate determining. The zwitterion deprotonation rate constants increase with increasing basicity of the deprotonating base. All kinetic data are fitted within 20% by the rate constants reported in Table 9 Table 9 show that the zwitterion deprotonation rate constants increase with increasing basicity of the deprotonating base.
Discussion
In Fig. 3 , the zwitterion deprotonation rate constants for DEA, DIPA, and the tertiary amines are 
The pK, of a base is defined as the negative logarithm of the dissociation equilibrium constant of its conjugate acid at infinite dilution. Consequently, the pK. value of Hz0 is an undefined property in water and the deprotonation constants of H,O could not be taken into account in deriving eqs (15) and (16). Nevertheless, also for H80, the ratio of the deprotonation rate constants for the DIPA-xwitterion and for the DEA-zwitterion is much like that indicated by eqs (15) and (16).
The intercepts in eqs (15) and (16) have identical values, whereas the slopes differ slightly though still significantly. As yet this should be regarded coincidental and without physical meaning a8 the constants in eqs (15) However, they assumed a constant OHconcentration, equal to the bulk ORconcentration, throughout the mass transfer zone. This assumption is not correct as is illustrated by the concentration profile for OHdepicted in Fig. 2 . Consequently, the zwitterion deprotonation rate constants presented by Blauwhoff et al. (1984) for OHhave been underestimated and they are indeed much lower than these predicted according to eqs (15) and (16). Nevertheless, the general dependence of the zwitterion deprotonation rate from the basicity of the deprotonating agent shown by Blauwhoff et al. (1984) agrees satisfactorily with the present work.
CONCLUSIONS
The reaction of CO2 with the secondary alkanolamines DEA and DIPA has been studied in aqueous blends of a secondary and a tertiary amine. Amine blends investigated were: DEA-TEA, DEA-MDEA, DEA-DMMEA, DEA-DEMEA, DIPA-TEA, DIPA-MDEA, DIPA-DMMEA, DIPA-DEMEA. The overall reaction rate of CO2 with DEA and DIPA in aqueous solutions is almost entirely determined by the zwitterion deprotonation rate. By varying concentration and type of an additional base present in solution (i.e. the tertiary alkanolamine), the rate of this zwitterion deprotonation step could be affected significantly. In this way zwitterion deprotonation rate constants were determined for various tertiary alkanolamines.
The observed deprotonation rate constants for the DEA-zwitterion and the DIPA-zwitterion were summarized in two Bronsted-type relationships. These Brransted-type relationships can be used to estimate the overall reaction rate of CO2 with DEA or DIPA in aqueous blends of amines.
The present work on the zwitterion deprotonation kinetics of the reaction of CO2 with DEA and DIPA in aqueous amine blends provides strong evidence for the validity of the zwitterion mechanism proposed by Caplow (1968) for the description of the reaction between CO2 and primary and secondary alkanolamines.
